ABSTRACT Chikungunya virus (CHIKV) is an arbovirus (genus Alphavirus, family Togaviridae) that has recently caused disease outbreaks in the Indian Ocean basin and southern Europe. These outbreaks could be associated with a possible shift in primary vector from Aedes aegypti to Ae. albopictus. To evaluate vector competence differences in possible CHIKV vectors, we evaluated the dose-dependant susceptibility of Florida strains of Ae. albopictus and Ae. aegypti for infection with a La Ré union island strain of CHIKV. Pledget and water-jacketed membrane feeding systems were also evaluated. We show that both Aedes spp. were susceptible to the highest CHIKV doses, whereas only Ae. albopictus developed disseminated infections after exposure to the two lowest doses. Infection rates for both mosquito species were signiÞcantly affected by the bloodmeal delivery method used. This information is important in assessing risk of an outbreak of imported CHIKV in the United States, in determining differences in vectorial capacity of these two vector species, and in evaluating arbovirus delivery methods in the laboratory.
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Chikungunya virus (CHIKV) (genus Alphavirus, family Togaviridae) is a mosquito-borne virus initially isolated in Tanzania in 1953 (Ross 1956 ). Although CHIKV is rarely fatal, symptoms of infection include sudden onset of fever, rash, headache, photophobia, vomiting, and severe arthralgia that can result in chronic joint problems persisting for several years (McGill 1995) . Historically, epidemics of CHIKV have occurred in Africa, Southeast Asia, and India (Ross 1956, Jupp and McIntosh 1990) . A large-scale epidemic of CHIKV is underway that began in Kenya in 2004 and subsequently spread to the Indian Ocean islands of La Ré union, Mayotte, Comoros, Mauritius, the Seychelles, and Madagascar in 2005Ð2006 (Chretien et al. 2007 ). The epidemic continues to spread through India, where 1.3 million human cases were reported between 2005 (Arankalle et al. 2007 . Recently, human cases have been reported in Indonesia, Sri Lanka, and Singapore (PROMED 2008) and, in a historic range expansion, CHIKV was reported in Italy in 2007 (Rezza et al. 2007) .
In tropical Africa, CHIKV has a sylvatic transmission cycle between nonhuman primates and forest gallery Aedes mosquitoes, and there is likely continuous transmission to immune human populations, resulting in sporadic cases (Jupp and McIntosh 1990, Diallo et al. 1999) . Outside of Africa, CHIKV is primarily transmitted by Aedes aegypti and Aedes albopictus and can cause large-scale human epidemics (Laras et al. 2005 , Pialoux et al. 2007 ). Recent outbreaks of CHIKV have been characterized by greater morbidity and mortality than previous outbreaks (Powers and Logue 2007) . In the Indian Ocean outbreak, a novel strain of CHIKV emerged that contains a point mutation, which changes the amino acid at position 226 in the envelope protein from an alanine to a valine (Schuffenecker et al. 2006 ). This minor genetic change seems to increase the vector competence for CHIKV in Ae. albopictus but not Ae. aegypti (Tsetsarkin et al. 2007 , Vazeille et al. 2007 ). The enhanced transmission of this Indian Ocean strain of CHIKV by Ae. albopictus is one of several hypotheses for the recent intensiÞed outbreaks and may help to explain the expansion of CHIKV transmission into new regions, such as Italy, where only Ae. albopictus is present.
In prior CHIKV outbreaks, Ae. aegypti has been considered the primary epidemic vector of CHIKV and Ae. albopictus a secondary vector. These mosquito species inhabit artiÞcial containers in their immature stages, live near and within human dwellings, have been spread throughout much of the world through global trade, and have overlapping distributions (Knudsen 1995 , Benedict et al. 2007 ). The worldwide distribution of epidemic vectors and travel and global trade in endemic regions have increased the risk for spread of CHIKV into previously unaffected areas (Parola et al. 2006) . Previous research has shown that North American strains of Ae. aegypti and Ae. albopictus are capable of transmitting a Thai strain of CHIKV from 1962, with Ae. albopictus showing higher infection and dissemination rates (Turell et al. 1992) . Florida strains of Ae. aegypti and Ae. albopictus are susceptible to a high dose of a La Ré union strain of CHIKV (titers ranging between log 10 5.9 and log 10 6.5 PFU/ml), with Ae. albopictus exhibiting higher dissemination rates than Ae. aegypti (Reiskind et al. 2008) . The impact of the differential vector competence of Ae. aegypti and Ae. albopictus for CHIKV on disease transmission cycles remains unexplored.
To help determine the importance of Ae. aegypti and Ae. albopictus for the potential transmission of CHIKV in the United States, and especially in Florida where both species of mosquito are present and abundant, the CHIKV bloodmeal titer necessary to infect local strains of Ae. aegypti and Ae. albopictus was evaluated. To determine minimum infectious titer for each species, we exposed Florida Ae. albopictus and Ae. aegypti mosquitoes to serially diluted viral doses of a La Ré union strain of CHIKV and tested two artiÞcial feeding techniques for exposing mosquitoes to virus.
Materials and Methods
Mosquitoes. The mosquitoes used for these experiments were F 1 Ae. aegypti and Ae. albopictus from Þeld collections made in Palm Beach County from April to June 2007. Larvae (F 1 ) were hatched in tap water and put in groups of 50 Ð100 in 1 liter of tap water with 0.3 g 1:1 yeast:lactalbumin added as a food source. Larvae were reared in trays at 28ЊC with a 14 L:10 D cycle.
Virus. We used CHIKV strain LR2006-OPY1, isolated from a febrile patient in France who had been infected in La Ré union (Parola et al. 2006 ) and passaged once in African green monkey kidney (Vero) cells. Virus stocks were prepared by inoculating Vero cell cultures maintained in M199 media supplemented with 10% fetal bovine serum, antibiotics, and antimycotics (Invitrogen, Carlsbad, CA). The virus stock titer was determined (log 10 ϭ 7.8 pfu/ml) using a plaque assay as described previously (Gargan et al. 1983) , except that a second overlay, containing neutral red, was added 24 h after the Þrst overlay. Virus stocks were stored at Ϫ80ЊC. To produce fresh virus for mosquito infection, a 275-ml tissue culture ßask with a conßuent monolayer of Vero cells in 10 ml of cell culture media was inoculated with 250 l of stock virus and allowed to incubate with 5% CO 2 at 35ЊC for 24 h. Visual inspection of cells after this period showed noticeable cytopathology, and titers of greater than log 10 7.0 CHIKV PFU/ml in the supernatant of the tissue culture ßasks were achieved with this method.
Oral Infection of Mosquitoes. Seven-to 10-d-old mosquitoes were placed in cylindrical, waxed cardboard (14 cm high by 11 cm diameter) containers (Dade Paper, Miami, FL) in groups of Ϸ50 females, and cages were put into an incubator (14 L:10 D, with an automated dusk/dawn period of 1 h, at 28ЊC, Ϸ95% rh) within a certiÞed Biosafety Level 3 containment facility. Mosquitoes were sucrose-starved 72 h before being offered an infectious blood meal. Mosquitoes were either exposed to cotton pledgets or water-jacketed glass membrane feeders (Rutledge et al. 1964) with Edicoll collagen Þlm (Devor, Sandy Run, SC). Blood meals contained citrated bovine blood (Hemostat Laboratories, Dixon, CA) mixed with 10-fold dilutions of supernatant from a CHIKV-inoculated 275-ml tissue culture ßask diluted in BA-1 media (EMEM, 1% bovine serum albumin, 0.6% Tris, pH 7.6, 7.5% sodium bicarbonate, 10 ml penicillin-streptomycin, 4 ml fungizone, and water to 1 liter, with HCl added for a Þnal pH of 7.4). Adenosine triphosphate was added as a phagostimulant to blood meals at a Þnal concentration of 5 mM. Two pledgets containing 3 ml of infectious blood meal each were heated in a 35ЊC incubator for 20 min, and 0.25 ml 20% sugar water was added, to better induce mosquitoes to feed. Blood meals delivered through water-jacketed glass membrane feeders were constantly maintained at 35ЊC during feeding.
After 1 h of feeding, mosquitoes were anesthetized with cold, and fully engorged mosquitoes were placed in new containers and returned to the incubators as described above. We delivered blood meals with four infectious doses: log 10 6.1, log 10 5.2, log 10 4.4, and log 10 3.6 PFU CHIKV/ml, determined by plaque assay. Immediately after blood feeding, Þve whole mosquitoes from each respective virus dilution were tested for virus titer: log 10 2.9, log 10 2.2, log 10 1.3, and log 10 0.9 PFU CHIKV/whole body, determined by Taqman quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). Six days after exposure, surviving mosquitoes were aspirated from cages and killed by freezing. Legs and bodies were triturated separately in 900 l of BA-1 containing two 4.5-mm zincplated beads (BB-caliber air gun shot) and stored at Ϫ80ЊC until further processing.
RNA Extraction. Samples were homogenized at 25 Hz for 3 min using a Tissuelyser tissue homogenizer (Qiagen, Valencia, CA) and clariÞed by centrifugation (3,148g for 4 min). Viral RNA was extracted using the MagNA Pure LC Instrument (Roche Diagnostics, Mannheim, Germany) and the MagNA Pure LC Total Nucleic Acid Isolation kit (Roche Diagnostics) following the manufacturerÕs instructions.
Quantitative RT-PCR. One-step qRT-PCR was used to determine infection status and body titer of samples. Final reaction volumes of 20 l containing 5 l of nucleic acid, 10 l of 2ϫ SuperScript reaction mix buffer (Invitrogen), 4 pmol of the TaqMan probe, 10 pmol of each primer, 40 ng of bovine serum albumin (New England Biolabs, Ipswich, MA), and 0.4 l of SuperScript III Platinum Taq mix (Invitrogen) were run on a LightCycler 480 (Roche Diagnostics) under the following conditions: 48ЊC for 20 min (reverse transcription), 95ЊC for 2 min (initial denaturation), and 40 cycles of 60ЊC for 15 s, 95ЊC for 10 s, followed by cool down at 50ЊC for 30 s. Primers were designed from the E1 gene and had the following sequences: forward, 5Ј-ACC CGG TAA GAG CGA TGA ACT-3Ј; reverse, 5Ј-AGG CCG CAT CCG GTA TGT-3Ј. The probe sequence was 5Ј-/5Cy5/CCG TAG GGA ACA TGC CCA TCT CCA /3BHQ 2/-3Ј (IDT DNA, Coralville, IA). Virus titers were calculated by comparing crossing point values to standard curves based on data acquired from 10-fold serial dilutions of virus stocks (Reiskind et al. 2008) .
Statistical Analysis. Standard curves and calculation of body titers by qRT-PCR were carried out with LC 480 software (Roche Diagnostics). A mosquito with virus found in the body but not in the legs was considered a nondisseminated infection limited to the midgut, and when virus was found in both the body and legs, the mosquito was determined to have a disseminated infection. Proportion infected was calculated by dividing the number of infected bodies by the total number of mosquitoes tested. Proportion with disseminated infection was calculated as the number of mosquitoes with positive legs divided by the total number of infected mosquitoes. Effects of titer and blood delivery system on proportion infected and disseminated were determined by categorical analysis of variance (ANOVA) with maximum likelihood estimates compared with 2 distribution (PROC CAT-MOD, SAS version 9.1; SAS Institute, Cary, NC). Post hoc pairwise comparisons with the 2 distribution were used to detect differences in proportions of infection and dissemination between groups, with ␣ adjusted for multiple comparisons (SAS Institute 2002).
Results

Effect of Titer on Infection and Dissemination.
After an extrinsic incubation period of 6 d, Ae. albopictus was signiÞcantly more susceptible to CHIKV infection than Ae. aegypti, with infection rates of up to 100% when feeding on water-jacketed membranes and high viral doses (species: 2 1 ϭ 141.09, P Ͻ 0.0001). Viral doses produced different infection rates for both mosquito species (Table 1 ; bloodmeal titer for infection: 2 3 ϭ 87.73, P Ͻ 0.0001) and disseminated infection rates for Ae. albopictus ( Fig. 1 ; bloodmeal titer for dissemination: 2 3 ϭ 23.84, P Ͻ 0.0001). Ae. aegypti had lower infection and disseminated infection rates than Ae. albopictus at each dose and was not infected when exposed to the lowest dose on either pledgets or membranes (Table 1) .
Effect of Bloodmeal Delivery Method on Infection Rates. In general, mosquitoes of both species had signiÞcantly lower infection rates when fed on pledgets compared with membranes (Table 1) . Ae. aegypti had lower infection rates when fed on pledgets versus membranes when exposed to the higher two viral doses and had little or no infection after exposure to the two lower titers (membrane versus pledget at 6.1 log 10 PFU CHIKV/ml: 2 1 ϭ 7.8, P Ͻ 0.01; membrane versus pledget at 5.2 log 10 PFU CHIKV/ml: 2 1 ϭ 5.5, P Ͻ 0.05). For Ae. albopictus, pledget feeding resulted in signiÞcantly lower infection rates when exposed to the two lower viral doses but no signiÞcant difference in infection rates at the two higher viral doses (membrane versus pledget at 4.4 log 10 PFU CHIKV/ ml: 2 1 ϭ 12.9, P Ͻ 0.001; membrane versus pledget at 3.6 log 10 PFU CHIKV/ml: 2 1 ϭ 15.7, P Ͻ 0.001).
Discussion
Our results showed that Ae. albopictus from Florida were more susceptible to infection with the La Ré -union strain of CHIKV than sympatric Ae. aegypti, regardless of the bloodmeal delivery method we used. These results support a previous study using artiÞcial membrane feeders (Reiskind et al. 2008) . Ae. albopictus became infected at lower viral doses and developed disseminated infections at all viral doses tested, whereas Ae. aegypti was less susceptible, with no disseminated infections developing 6 d after exposure to the two lowest viral doses. These results were similar with both methods used to expose mosquitoes to infectious blood meals. However, the bloodmeal delivery method impacted infection rates, and mosquitoes of both species had signiÞcantly higher infection rates Infection ϭ % infection (n). Log virus dose ϭ Log 10 PFU CHIKV per ml. n ϭ no. mosquitoes tested. SigniÞcantly different pairs within species and titer for membrane versus pledget at P Ͻ 0.05 by 2 test are shown in bold. when exposed to water jacketed membranes compared with pledgets at the same viral titers. We hypothesize that the differences we observed in infection rates between blood delivery methods were produced by a smaller initial dose ingested through pledgets, because of a phenomenon known as "discontinuous feeding," which results in ßuids being diverted to the diverticula (Christophers 1960) and could create the appearance of distension by blood meal when in fact distension was caused by air. The actual ingested blood meal would have been split between the diverticula and the midgut, resulting in lower viral doses and thus lower infection rates, although freshly fed mosquitoes had similar viral titers. The signiÞcantly different results produced by these two feeding methods underscore the importance of taking into account feeding method when comparing studies. Although pledget feeding resulted in lower infection rates than water jacketed membrane feeding, we observed the same pattern of infection regardless of feeding apparatus (i.e., Ae. albopictus had higher infection and disseminated infection rates than Ae. aegypti). The information obtained with this feeding method can still be useful, as long as it is not compared directly with vector competence information gained from other artiÞcial feeding methods or live animal studies. We also observed a higher feeding rate on the water jacketed membranes (Ͼ50% of Ae. albopictus exposed, whereas Ͻ20% of Ae. albopictus fed on pledgets), which allows for larger initial sample sizes and enables easier experimental setup.
One hypothesis for the severity of the recent CHIKV outbreak in La Ré union and other areas concerns a mutation in the envelope protein gene that has been associated with strains in the outbreak areas and could enhance the vector competence of Ae. albopictus (Schuffenecker et al. 2006) . Recent research has shown that Ae. albopictus mosquitoes from La Ré union became infected and developed disseminated infections with the emerging virus strain at twice the rate as with a previous strain (Vazeille et al. 2007) . Other research has shown that Ae. albopictus (from highly colonized strains) develops disseminated infections after a much lower infectious dose of the emergent CHIKV strain compared with other strains and compared with altered strains that have been engineered to take away the hypothesized susceptibility conferring alteration (Tsetsarkin et al. 2007 ). Our research agrees with these previous studies and shows that a Florida strain of Ae. albopictus is susceptible at lower doses of the La Ré union strain of CHIKV, relative to Florida Ae. aegypti.
Even at the lowest viral dose tested, Ͼ50% of Ae. albopictus became infected after feeding on waterjacketed membranes. This low threshold for infection may heighten the risk of an imported infection spreading to resident mosquitoes in areas without endemic CHIKV, such as Florida. From April to December 2006, CHIKV antibodies were detected in 35 travelers returning to the United States from Asia and Africa, and 8 of these were circulating virus at titers from 3.9 to 6.8 log 10 PFU CHIKV/ml (Lanciotti et al. 2007 ).
Taken together with our Þndings, at the high end, these titers could readily infect local Florida Ae. albopictus or Ae. aegypti and likely infect Ae. albopictus at the low end.
The importance of Ae. albopictus, relative to Ae. aegypti, in CHIKV epidemiology remains an open question, but the stark differences in susceptibility may explain the prominence of Ae. albopictus in recent outbreaks, particularly the epidemic in Italy in 2007. The theoretical importance of multiple vectors for vector-borne infectious disease epidemiology has not been well examined. Although variation in vector susceptibility to infection has not been modeled, host diversity and differences in host viremia have been modeled previously and may represent an analogous situation to variation in vector susceptibility (Lord et al. 2006) . The high susceptibility of a vector to low host viremia, as our Þndings suggest for Ae. albopictus to CHIKV, would effectively extend the period of host infectiousness, another important parameter in vector-borne disease transmission models (Dye 1986 ). The wide range of epidemiological outcomes caused by differences in vector susceptibility to CHIKV infection is additionally dependent on other aspects of vectorial capacity. However, because these systems are complicated, there is a need for empirical studies comparing vectors to evaluate the potential effects of vector diversity on the dynamics of disease transmission. Future studies should compare strains of Ae. albopictus and Ae. aegypti from Florida to strains from the epidemic areas of the Indian Ocean basin and also contrast the vector competence of Ae. albopictus from the southern United States to strains derived from the northern United States.
The autochthonous transmission of CHIKV in Europe, abundance of both of these mosquito species in urban areas nearby international airports in Florida , and the numerous imported CHIKV viremic cases to the United States demonstrate the potential importance of this emerging arbovirus for the southern United States.
